A similarity statistic for codon usage was developed and used to compare novel gene sequences found in clinical isolates of Haemophilus influenzae with a reference set of 80 prokaryotic, eukaryotic and viral genomes. These analyses were performed to obtain an indication as to whether individual genes were
INTRODUCTION
Synonymous codons-in which >1 nt triplet encodes a particular amino acid-are an integral feature of all eukaryotic and prokaryotic genomes (1) (2) (3) . Most bacterial species display unique preferences in the choice of at least some of these codons (4, 5) and these preferences form a type of genomic signature that most genes of a species possess. Moreover, many bacterial species also possess a second set of genes associated with translation and basic metabolic functions that are highly expressed (6) . This subset of highly expressed genes have a markedly different codon usage signature than the rest of the genome, however, they have similarities amongst themselves (7) (8) (9) . Identification of genes within an organism's genome that have codon usage biases, which differ from both of the aforementioned patterns, may therefore be an indication that such sui generis genes are of foreign origin and still carry the vestiges of the codon preferences from their previous hosts (5, 10) . The fact that the genes making up this third group have disparate codon usage biases among themselves further supports the hypothesis that they have entered the host genome via multiple independent gene transfer events.
The selective nature of codon usage by a species offers a potential tool for the characterization of all genes within an organism, which in turn is useful in understanding the evolution of a target species, and for measuring horizontal gene flow across bacterial species. We have previously constructed a pooled genomic library from 10 clinical isolates of Haemophilus influenzae (11) . Analysis of this library revealed that $9% of the clones contained unique sequences when compared with the H.influenzae reference strain Rd (12) . Distribution studies of these novel sequences revealed that most of these unique genes were present in only a subset of the 10 strains from which the library was prepared (12) . In the current study, it was our goal to characterize these novel H.influenzae genes in terms of their codon usage biases by comparing each gene against a set of reference genomes from organisms with well-established codon usage preferences. This type of genic characterization and comparison would not only provide a magnitude, but also a direction with respect to codon bias in the 59-dimensional codon space for horizontally transferred genes.
The codon adaptivity index (CAI) (4) is often used as a univariate measure of codon usage similarity to a given The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org reference set. However, the CAI does not scale properly when used as a comparison statistic between or among different reference sets (13) . An alternate, recently developed method used a statistic based on the squared difference of codon usage frequencies between the open reading frame (ORF) being tested and the chosen reference set (1) . This method reliably predicts highly expressed genes among various prokaryotes (7) . Such a similarity statistic could be applied to different reference sets and be directly comparable among them.
In the current study, we developed and optimized a family of statistics, based on the square of the difference of codon usage frequencies, to compare novel sequences found in our Haemophilus isolates [obtained from patients with chronic otitis media with effusion (OME)] with a reference set of 80 genomes. Included in this reference set were H.influenzae Rd, three other Haemophilus sp. and the Haemophilus phages HP1 and HP2. The codon usage for these six reference genomes formed the Haemophilus group. As a test of the method and in order for the method to be a useful tool for predicting typical Haemophilus coding patterns, a large majority of H.influenzae Rd genes were needed to select a member of the Haemophilus grouping as the closest fitting genome in terms of codon usage. The results of our investigations established the robustness of this approach and indicated that the overwhelming majority of Rd genes are more like Haemophilus genes than the genes of any of the other reference genomes.
Studies of bacterial genomes including those of several strains of H.influenzae (14) (15) (16) and the Bakaletz-Munson website at www.microbial-pathogenesis.org, have provided much of the data behind the concept of the supra-genome (17, 18) . The supra-genome exists only as a theoretical construct at the population level and is significantly larger than the genome of any one single strain; it is composed of (i) a common core set of genes, which define the species; and (ii) a large number of discrete contingency genes, which are distributed among the component strains in the population. Thus, each strain has a subset of the contingency genes from the population-based supra-genome (19, 20) and these contingency genes are exchanged among strains of a species via horizontal gene transfer through natural competence and transformation mechanisms. In addition to intraspecies genetic exchange, evidence is mounting that bacterial genomes also evolve through horizontal gene transfer between and among species (10) . Thus, although more uncommon than intraspecies gene exchange, it is likely that there exists a finite gene exchange rate across entire prokaryotic phyla and kingdoms (21) (22) (23) (24) (25) . A method that is capable of estimating the origin of a novel gene and its duration within a given species' supra-genome would be of practical use.
METHODS
We compared the codon usage of the H.influenzae Rd genes to a set of 80 reference organisms that included eukaryotes, prokaryotes, phages and viruses. The GC content of these reference genomes spanned a wide range (24-68%). Haemophilus-like codon usage was represented by four Haemophilus strains having a GC content of 35-38% and the Haemophilus phages HP1 and HP2, both of which have a GC content of $40.4%. Many of the remaining 74 reference organisms were selected because they had Haemophilus-like GC contents. This was to guard against Haemophilus being chosen as a best-fit organism based upon GC content alone. The collective reference set was, however, sufficient to overrepresent the 59-dimensional codon space composed of all codons except the three stop codons and the codons belonging to the single codon amino acids methionine and tryptophan.
A codon bias statistic (e) was generated for each amino acid in each ORF (Equations 1, 3 and 6). Absolute codon frequencies were used rather than relative frequencies (Equation 2) (1), and an explicit amino acid usage factor (C A ) was employed to compensate for differing amino acid usage between ORF and reference. Equations 1 and 2 are in fact equivalent. The amino acid usage factor was again employed in Equation 3 and explicitly optimized (Equations 4 and 5) so as to facilitate a fitting between ORF and reference in order to minimize artificial differences caused by small codon sample size. Equation 3 doesn't involve taking the absolute magnitude of the squared codon frequency differences, hence it emphasizes larger differences over many smaller differences.
where f i,A is the % usage of the ith codon of amino acid A in the reading frame being tested; g i,A , the % usage of the ith codon of amino acid A in the organism being tested against; and C A , the amino acid bias factor.
where P(A) is the % usage of amino acid A; q i , A , the relative % usage of the ith codon of amino acid A in the reading frame being tested; and r i , A , the relative % usage of the ith codon of amino acid A in the organism being tested against.
where f i,A is the % usage of the ith codon of amino acid A in the reading frame being tested; g i,A , the % usage of the ith codon of amino acid A in the organism being tested against; and C A , the amino acid bias factor also used as an optimization parameter.
As a final approach an amino acid e statistic was obtained as a type of distance measure (Equation 6 ).
This approach does not weight each of the 59 codons equally as in Equation 1 . Instead those codons associated with 2-codon amino acids have a relatively larger contribution. The reason for this approach is simply concern over small codon sample size. As an example, if it is assumed that all amino acids are used to the same extent, then a gene harboring 200 codons will have an average of five codon counts per codon for those codons associated with 2-codon amino acids, but only an average of 1.67 codon counts per codon for those codon associated with 6-codon amino acids. Hence, the codon distribution is much more reliable for 2-codon amino acids. The amino acid statistics for the 18 amino acids with more than one codon were then summed in order to produce an overall codon bias for the ORF (Equation 7) .
Determination of codon sample size (gene length dependence) on « values
The dependence of the e-statistic upon gene length and subsequent codon sample size was investigated in order to obtain a gene length dependent threshold for defining high values of e. Regular intervals were chosen and the average and SD for those genes in the interval were obtained and assigned to the mid-point of the interval.
Phylogenetic trees
Phylogenetic trees were generated for 10 of the novel genes identified by DNA sequence analysis of random clones from the pooled genomic library in order to obtain additional information regarding their origins. All of the trees were constructed based on the amino acid sequences and each tree was built using all of the genes available in the corresponding cluster of orthologous genes (COGs). The COG data were downloaded from the GenBank database. Sequence alignments among the members of a COG were finished using ClustalW in BioEdit 7.0 (http://www.mbio.ncsu.edu/ BioEdit/). Maximum likelihood trees were constructed using PHYML 2.4.4 (http://atgc.lirmm.fr/phyml/) running on a Dell Intel XEON PC (3.06 GHz XEON, double CPU, 240 GB hard disk, 2 GB RAM). The settings used in running the PHYML program were as follows: data type: amino acid; number of data sets: 1; number of bootstraps used: 1000; substitution model: JTT; proportion of invariable sites: estimated; number of substitution rate categories: 4; gamma distribution parameter: estimated; input tree: BIONJ; optimize tree topology: yes; optimize branch lengths and rate parameters: yes. The trees were viewed by using MEGA 3.0 (http://www. megasoftware.net/). Each data set was used to make two trees: a consensus tree showing the percentage of bootstrap values that supported the tree as drawn, and a second tree showing the branch lengths proportional to the evolutionary distance. The bootstrap value for some nodes were omitted by the software due to a cut-off value set at 30%. Both trees for each gene are available at our website www.centerforgenomicsciences. org under public documents.
Software development
A java script (CODESQUARE) was written to automate the generation of the codon usage statistic for each amino acid of each ORF for each reference genome. This program is available from the CGS website (www.centerforgenomicsciences.org).
RESULTS

Reference organisms
The average codon usages of 80 reference genomes were obtained from the KAZUSA (www.kazusa.or.jp/codon/) and TIGR sites (www.tigr.org) and used to help characterize the codon usage patterns of the individual genes of the H.influenzae Rd genome via an evaluation of the e statistic from Equations 1, 3 and 6. These reference genomes were also used to evaluate the probable origin of a collection of novel ORFs identified by DNA sequence analysis of random clones from a pooled genomic library prepared from 10 clinical isolates of H.influenzae recovered from chronic middle-ear infections.
The reference organisms, phage and viruses are listed in Table 1 along with their GC contents and e-statistics from Equation 1, which measured the codon usage similarity of each reference organism to that of H.influenzae Rd. GC content did not impose any predictable order upon these e values. The reference organisms were deliberately selected such that most had GC contents that were similar to that of the H.influenzae genome to provide an adequate test of the discriminatory power of the e-statistic.
e values represent the overall measure of codon usage similarity between a gene and a genome, with lower values indicative of a better fit. We calculated 80 separate e values (one for each of the 80 genomes in the reference set) for each gene (N = 1538) that encoded a protein of >100 amino acids in the Rd genome. The dependence of the e-statistic from Equation 1 upon gene length itself can be seen in Figure 1 . The results indicate that the codon sample size of a gene imposes a significant statistical effect at gene lengths <240 amino acids. Thus, even short (<240 amino acids) Haemophilus-like genes are unlikely to obtain e values as low as those seen for genes with larger codon sample sizes. This knowledge of the gene length dependence on e is necessary to help identify genes within the Rd genome and our clinical isolates that are suggestive of either foreign origin or of being a member of a set of highly expressed genes. An additional interesting aspect about Figure 1 is an upwards deviation from the exponential curve between 350 and 450 amino acids. This deviation is evenmore apparent if Equations 3 or 6 are used to calculate e (see Supplementary Information).
Threshold levels and statistical choices. The choice of using the average plus SD as the threshold, for defining high e genes using Equation 1, captured 110/142 genes previously classed among the highly expressed genes; 82/142 were identified using Equation 3; and using Equation 6 107/142 were identified. Equations 1, 3 and 6 identified a total of 191, 127 and 176 of 1538 Rd genes, respectively, as having high e values. The e-statistic in Equation 3 uses the square and not the absolute value of the codon frequency and widens the range of e values obtained resulting in fewer genes above the mean e value for genes of approximately the same gene length. The genes with high e values based upon Equations 3 and 6 which were not identified by Equation 1 include: two ribosomal genes that are obviously part of the highly expressed set; a glycosyltransferase (HI0872) a class of genes known to be mosaic (26) ; and five genes associated with iron usage.
Haemophilus-like genes
The goal of this study was to find a statistic that would reliably predict if a gene was a long-standing member of the Haemophilus gene pool or not. The statistic used would only be useful if the vast majority of H.influenzae Rd genes selected a member of the Haemophilus genus as the closest fitting genome in terms of codon usage. This criterion was met, with 86% of the 635 genes encoding proteins >320 amino acids in the H.influenzae Rd genome having their closest codon usage similarity to one of the Haemophilus species (Table 2 ). This result was obtained regardless of whether Equations 1, 3 or 6 were used. While these methods suffered a small loss in predictive power with decreasing gene size, overall 78% of the genes encoding proteins longer than 140 amino acids selected one of the Haemophilus genomes. The method was sufficiently sensitive to discriminate the Haemophilus group from their closest relative, Pasteurella multocida (PM), in that only 6.4% of the Rd genes chose the P.multocida genome. It is important to stress that there is no learning by the program as to what is 'Haemophilus', rather each of the 80 reference genomes were individually tested against each Rd gene.
A total of 31 different non-Pasteurellaceae genomes were selected as the closest fit by at least one Rd gene using Equation 1 (Table 3) . Ureaplasma urealyticum (UU) was selected the most-31 times. Approximately half of the genes (131 out of 252), which selected non-Pasteurellaceae reference genomes as most similar in codon usage, selected one of the following: Actinobacillus actinomycetemcomitans; Listeria innocua; Staphylococcus aureus; Lactococcus lactis; enterobacteriophage T4 (T4); or Legionella pneumoniae (LP). These are the six non-Haemophilus reference organisms, excluding Pasteurella, that are most similar to Rd in codon usage in this study (Table 1) . Hence, the codon usage even for the majority of genes which selected non-Haemophilus reference organisms does not stray too far from the average Haemophiloid pattern. UU is, however, farther removed from Rd in its codon usage patterns than these six. We have found that the average length of a gene which selects UU is 212 amino acids whereas the average length of a gene which selects a non-Haemophilus reference organism is 260 amino acids. In addition, 21 of the 31 genes which select UU were shorter than 212 amino acids. Hence, this may indicate that a pattern of codon usage may exist for small genes within Haemophilus distinct from the typical Haemophiloid pattern. The results are similar if Equation 6 is used to generate e, however, LP becomes the most selected non-Pasteurellaceae reference organism, a total of 29 times, whereas UU is selected 25 times.
Highly expressed genes. H.influenzae, like most bacteria, reserves a special codon usage pattern for a retinue of highly expressed genes. The usage patterns for these highly expressed genes are markedly different from the average H.influenzae codon usage pattern, but cluster together among themselves. As a consequence, the highly expressed genes will have unusually high e values when compared to the average H.influenzae codon usage. We have identified 191 genes that have e values obtained from Equation 1 that are more than one SD above the average e value for genes of equivalent length (see Figure 1 ). The majority of these genes (110/191) are part of the highly expressed group of genes, including ribosomal constituents, protein involved in metabolic activities and chaperonin genes that have been previously identified (8) . The genes listed in Table 4 are not part of this previously published list and are therefore horizontal gene transfer candidates. Metabolism genes. The urease accessory genes have not previously been classified as highly expressed with respect to Haemophilus (7), despite such a classification in other bacteria (7) . Their high GC content certainly suggests that they are of foreign origin. We found the urease accessory genes to be amongst the few metabolism genes to select a nonHaemophilus reference organism as the most similar in codon usage (Table 4 ). It is conceivable that these genes may be part of a rare group of genes that are of recent foreign origin and that over time will become more typical of highly expressed genes in their codon usage (5) . Their expression may be relevant to pathogenesis as ureH is up-regulated in HI during infection (27) , and urease genes are present in virulent strains of Escherichia coli but absent in nonpathogenic strains (28), suggesting they may have been acquired via horizontal transfer.
Transporter genes. In contrast to the metabolic genes, there are many transporter genes with high e values. The Rd transporter genes, in general, are a disparate group in terms of their codon usage; many are amongst the most well-adapted genes in the genome with respect to the average Haemophilus codon usage. The transporter genes, HI0354, HI0355 and HI1472 appear to be of foreign origin. In addition, HI1471 is a transporter gene that narrowly missed the high e threshold under Equation 1, but it did make the high e group using Equation 3 and it is part of the same operon with HI1472. All four of these genes have a high GC content (44-47%). HI1471 and HI1472 both selected Haemophilus phage as their best fit and they are also part of the large highly phage-like region of the Rd genome. Similarly, HI0354 and HI0355 selected H. strains = Best fit to one of the four Haemophilus strains; H. phage = Best fit to Haemophilus phage HP1 or HP2; PM = Best fit to P.multocida. non-Haemophilus reference organisms as the most similar in terms of codon usage, though with relatively high e values indicating an origin outside of our set of reference genomes. Several of the transporter genes had codon usage patterns similar to the highly expressed ribosomal and elongation genes. HI0686 has not been previously classified in this category, but it had the third lowest e value compared to the ribosomal group in the Rd genome. Table 1 for list of abbreviations); % better fit > Haemophilus = the percentage by which e is lower in the most similar reference organism than Haemophilus. e (w/r ribosomal group) = the e value with respect to the 21 ribosomal and elongation genes of Haemophilus longer than 140 amino acids.
Regulatory genes. There are few regulatory genes with high e values as these genes are rarely highly expressed. HI1476 is a transcriptional regulator with a high e value and it is part of the large phage-like region in Rd and HI0186 is also a transcriptional regulator which selected Haemophilus phage. A third gene, HI0304, shows protein homology to transcriptional regulators and has a high e value.
Restriction/modification genes. The genes HI1055 and HI1058 have strong nucleotide homology ($95%) to restriction/modification (R/M) genes from Neisserial strains. Neither selected Haemophilus or Neisseria as the best-fit reference genome. R/M genes can be highly mosaic (29) (30) (31) (32) in terms of recombining sections from different organisms and so it is not surprising that the codon usage of these genes show unclear origin. Similarly, surface proteins including the lipoproteins and lic-1 operon proteins can be mosaic (33) (34) (35) (36) .
Genes selecting non-Haemophilus reference genomes. The specification of a gene length-dependent e threshold (defined by Figure 1 ) for designating high e genes is important for capturing genes of putative foreign origin, however, the majority identified are actually highly expressed genes-and not of foreign origin. An alternative way to identify genes of foreign origin is to find those that actually select non-Haemophilus genomes when run against a large set of reference genomes, i.e. give a significantly lower e value for a non-Haemophilus genome.
Rd genes that displayed e values based upon Equation 1 indicative of a much greater similarity to organisms other than H.influenzae are listed in Table 5 . R/M and glycosyl/sialyl transferases are abundant in Table 5 , however there are also several lipoproteins and outer membrane proteins in this set. The gene, however, with the largest percentage difference between the best-fitting reference genome and Haemophilus codon usage patterns is HI0687; this is the case regardless of which equation is used to calculate e. This gene has homology to a drug/metabolite transporter, yet has been inserted into the middle of the Glp operon, which encodes genes involved in glycerol metabolism, further supporting the concept that this gene was acquired by horizontal transfer. The adjacent gene, HI0688, also has a very large deviation from Haemophiluslike codon usage, and like HI0687 has a very low GC content ($25%) suggesting that these two genes were part of the same transfer event.
The gene HI1647 selected Streptococcus pneumoniae as the reference genome most similar in codon usage. This is congruent with the fact that it possesses 96% amino acid identity to the pdx1 streptococcal protein. The adjacent gene (HI1648) also encodes a protein with >80% amino acid identity to a second streptococcal gene encoding a hypothetical glutamine amidotransferase, which is also contiguous with the pdx1 gene in the Streptococcal R6 genome (37) . The fact that pneumococcus and H.influenzae share the human nasopharynx as an ecological niche provides a likely source for these genes.
The four contiguous genes HI0051-HI0054 all showed significantly better codon usage similarity to non-Haemophilus reference species than to Haemophilus, suggesting that this region may have been acquired en bloc. They are all low GC content genes and all select low GC content reference organisms which are closely linked to each other in terms of codon usage similarity.
The genes from HI1403 to HI1424 are part of a second locus demonstrating strong phage protein homology, but, curiously, give their lowest e values primarily with the P.multocida and L.pneumoniae genomes. HI1407, HI1410-12 and HI1422 are all in Table 5 . HI1405 and HI1409 did not make the cut-off for inclusion in Table 5 , but they also show very good codon usage similarity to Pasteurella and Legionella genomes suggesting that this region may have been acquired en bloc.
Non-Haemophilus Rd genes identified by Equations 3 and 6. There were several genes that were identified by either Equation 3 or 6 as having e values better fitting with nonHaemophilus reference organisms that were not identified by Equation 1 (Supplementary tables available on our web site). HI1407 has the largest percentage difference (64%) based upon Equation 3 and again selected L.pneumophilia. HI0618 and HI1017, both Glp family genes, gave large percentage differences (34 and 51%, respectively) based on Equation 3. Interestingly, they are not part of the Rd glp operon, which consists of the genes HI0683-HI0691. The HI0618 gene (glpG) is adjacent to glpR which has an e value just below the high e threshold. Both glpR and glpG are part of the major glp operon in P.multocida. The observation that HI1017 selects T4 as a reference genome under all three equations and is redundant to the glpF gene found in the major Rd glp operon makes it likely that this gene was acquired by HGT. Genes HI0507 and HI0418 which have 33 and 32% differences, respectively, based on Equation 3, and are adjacent genes in a P.multocida transport operon.
The Haemophilus Rd genome contains several sigma factor RpoE genes, only one of which (HI0628) appears to be of Haemophilus origin. Equation 3 identified HI0589 as having a much closer fit to Bacillus halodurans. Another RpoE gene, HI1459, listed in Table 5 , gave a highly divergent phylogenetic tree as compared to a 16S tree, supporting its recent movement into the Rd genome.
HisH together with HisF encode the bi-enzyme complex for imidazole glycerol phosphate synthase (38) . HisH (HI0472) selected A.actinomycetemcomitans by 20.8% over Haemophilus using Equation 6 and HisF (HI0474) also had an e value, based upon Equation 3, that was >1 SD above the mean value for genes of its comparable length. These genes are part of the histidine biosynthesis operon, which includes eight genes (HI0468-HI0475). The e values for the six other genes in this operon are low. Thus, it is possible that these two genes were acquired by horizontal transfer from a similar operon. Alternatively, they may be involved in the starvation response which has recently been suggested to utilize genes with seldom used codons (39) .
HI1090, a heme exporter, has significantly better codon usage similarity to a non-Haemophilus genome using Equation 3. HI1089, adjacent to HI1090, is also a heme exporter and was identified as having a high e value. The oligopeptide ABC transport operon (HI1120-HI1124) also has several genes with high e values and/or, better codon usage fitting to other genomes than Rd.
Novel H.influenzae sequences
Novel (non-Rd) sequences were obtained from random sequencing of clones from a pooled genomic library prepared from 10 clinical isolates of H.influenzae (11) that had been cultured from patients with OME. All clones were subjected to DNA sequence analysis and homology searching using BLASTn and BLASTx. Only those clones containing sequences demonstrating no observable nucleotide homology to H.influenzae Rd were used in this codon analysis study. All clones were verified to have originated from one or more of the 10 clinical isolates by test amplifications of the respective genomic DNAs using primers designed from the unique DNA sequence information (12) . As the study progressed and genomic data became available from additional H.influenzae strains (40) and other Haemophilus sp., we were able to demonstrate hypothetical protein homologies to one or more of these genomes for some of the novel ORFs. Table 6 provides a list of the novel clinical H.influenzae sequences whose lowest e values (obtained from Equation 1) corresponded to either the phage, HP1 or HP2. We have listed in parentheses the lowest e value obtained amongst the four Haemophilus sp. for comparison with the phage values. In most cases, there is a significant difference between the phage e value and the bacterial value. All of the ORFs listed in Table 6 , except the hif genes and the two ATPases, also revealed amino acid sequence homology to known phage proteins. The hif cluster has previously been speculated to be of phage origin (41) and the codon usage statistic we obtained further supports this supposition. Clones 152_N2 and 4_E21 had protein identities/similarities of 85/88%, and 88/90%, respectively, to the H.influenzae strain AM30 hifD gene, notably, codon usage analysis gave high e values against the Rd genome. Clone 4_E21 gave a higher e value than 152_N2, and an analysis of 24 synonymous codons where the two clones differed only in the third base, showed that the 4_E21 sequence contained the less frequently used codon 16 times. The GC content of these hifD clones was also high, relative to Haemophilus, offering further support for the acquisition of this gene family from a foreign organism. The novel ORFs that yielded their lowest e values with respect to a non-Haemophilus genome are listed in Table 7 . The ORF in 179_D14 displays >90% amino acid identity to the conjugal transfer protein TrbB of Ralstonia solanacearum, a pseudomonad, and has a pseudomonal-like GC content of 68%. This ORF has the largest difference in e values observed between its best-fitting genome (Pseudomonas aeruginosa) and Haemophilus. The ORFs in clones 132_O3, 104_E15 and 47_C3 did not select any reference genome with a low e value, but most of their protein homologies were with phagerelated recombination proteins. Together these observations suggest that these ORFs may be highly mosaic genes, and that they are adapted for horizontal transfer amongst different bacteria via phage.
There are several presumptive R/M genes in this novel gene grouping. One of these, clone 124_K2, selected Vibrio cholerae as the closest reference organism and also demonstrated its highest protein homology to V.cholerae. In addition, clone 96_C16 encodes a restriction enzyme (RE) that shows clear evidence of a recombination event at a ggggat repeat between an Haemophilus RE gene, HI0216, and an RE gene encoded on a plasmid recovered from E.coli.
All three ORFs from clone 125_L2 are included in Table 7 and share significant amino acid homology with three contiguous genes in a Shigella flexneri pathogenicity island. The number in the parentheses is the lowest e value amongst the four H.influenzae strains. e = codon usage bias similarity statistic; %GC = the percentage of guanine and cytosine nucleotide bases in an ORF; % ID = the percentage of amino acids from the novel ORF that are identical to the protein encoded by the paralogous reference gene; %Sim = the percentage of amino acids from the novel ORF that are similar to the protein encoded by the orthologous/paralogous reference gene. a
The number of the ORF within the clone if the clone contained multiple ORFs.
ORF 2 in clone 13_D9 encodes tnaB, a tryptophan metabolism protein, and selected Guillardia theta, a eukaryotic cryptomonad, as the most similar genome among our reference set. The tryptophanase gene cluster has already been speculated to be of foreign origin (42). Table 8 lists novel genes that demonstrated low e values to Haemophilus species and strains other than Rd. The hifE entry comprised the codon counts from two separate clones, which had homology to different regions of hifE. Both had nearly complete amino acid identity to the hifE gene from H.influenzae biogroup aegyptius. The hifE gene has been documented to be highly variable amongst strains (43) and thus it is surprising that our clones' codon usage is quite Haemophilus-like. The hifE gene from the Eagan strain was analyzed for codon usage and also displayed a low e value (18.24) to aegyptius. Thus, hifE appears to have assimilated much better into the Haemophilus environment than hifC and hifD, which maintain a deviant codon usage.
Two of our novel clones displayed protein homology to Rd's high molecular weight protein HMWA. Clone 170_J8 had homology to the 5 0 end while clone 36_E20 had homology to the 3 0 end. Though both ORFs selected Haemophilus as the reference organism most similar in codon usage, the similarity was marginal. Outer membrane proteins are known to be mosaic (33) (34) (35) (36) and clone 36_E20 corresponds to a region that is only 90% similar between HMWA1 and HMWA2 of Rd, and itself shows only 79% similarity to HMWA.
Our clone 120_C11 encodes a protein homolog of the Haemophilus high molecular weight protein HMW1B and also shows good Haemophilus-like codon usage. This may at first seem surprising since our clones, which had protein homology to HMWA, were not strongly Haemophilus-like. However, the roles of the two proteins are very different; HMWA is an outer membrane protein responsible for adhesion while HMWB is a processing protein (44) .
We identified a unique hemoglobin-haptoglobin utilization protein contig formed from several of our novel clones that produced the lowest e value in the study. These genes are known to recombine frequently and to be highly mosaic among the Haemophilus species, but they appear to be well adapted to the Haemophilus genome and have probably been extant in the Haemophilus supra-genome for an extended period of time. However, one of our novel sequences, which had a 57% identity to a hemoglobinhaptoglobin protein, did have better codon usage similarity to S.aureus. a The number of the ORF within the clone, if the clone contained multiple ORFs; e = codon usage bias similarity statistic. b The letters in parentheses indicate the species that gave the lowest e value; PA = Pseudomonas aeruginosa; NM = Neisseria meningiditis; CB = Clostridium butyricum; BH = Bacillus halodurans; MP = Mycoplasma penetrans; VC = Vibrio cholerae; CJ = Campylobacter jejuni; LL = Lactococcus lactis; T4 = enterobacteriophage T4; PM = Pasturella multocida; NG = Neisseria gonorrheae; HI = Haemophilus influenzae. %GC = the percentage of guanine and cytosine nucleotide bases in an ORF; D%e = the percentage difference in e values between the best-fitting genome and the bestfitting Haemophilus group genome; % ID = the percentage of amino acids from the novel ORF that are identical to the protein encoded by the paralogous reference gene;% Sim = the percentage of amino acids from the novel ORF that are similar to the protein encoded by the orthologous/paralogous reference gene.
Comparison of e statistics and phylogenetic tree building. As a test of the predictive value of the e statistic to accurately identify the origin of novel sequences, we built phylogenetic trees for several genes to determine if the e statistic followed the established 16S ribosomal phylogeny. For each of these genes, a COG was identified from the NCBI website and used to construct a maximum likelihood tree (the trees are available at www.centerforgenomicsciences.org). According to the e statistic, the ORF in clone 134_O6 was predicted to have a codon usage most closely related to P.multocida and the phylogenetic tree also placed the clone closest to P.multocida with another orthologous gene from a different strain of H.influenzae being the next closest. Similarly, the Ul ORF, constructed from a three clone contig, which was predicted by the e statistic to come from within the Pastuerallaceae was phylogenetically closest to several species from the enterobacteriaceae which were the most closely related species included in the COG, i.e. there were no orthologs in the database from within the Pastuerallaceae so the phylogenetic tree, to the limits of its resolution, supported the e statistic results. Phylogenetic tree building also supported the e statistic when it predicted that a novel gene was not from within the Haemophilus family. In the case of the ORF from 179_D14, which selected P.aeruginosa as the reference genome with the most similar codon usage, phylogenetic tree building indicated that its closest relationship was to R.solanacearum, a pseudomonad not included in our reference set of genomes. In the case of ORF2 from within clone 125_L2, the e statistic suggested that the most closely related genes were from S.flexneri, and the phylogenetic tree placed the gene next to the closely related Shigella typhimurium. In this case, there was a large COG which included a P.multocida gene that was much more distant than the enterobacter genes. In the case of several clones including 97_H3, 167_A16 and 135_I10, the phylogenetic tree contained multiple gene clusters separated by very wide distances for species in the same family, thus within each cluster were found orthologs from widely divergent species according to the 16S tree. In other words, there were multiple species that had two or more orthologs within the COG that were highly divergent from one another-indicative of frequently exchanged genes. Due to the obligate requirement for multiple orthologous genes to build phylogenetic trees such testing could not be performed on the majority of the novel genes identified in this study as they are orphan genes.
DISCUSSION
Bacterial genes and genomes are highly dynamic in nature due to the fact that many contingency genes are passed between and among species via horizontal transfer methods (20, 27, (45) (46) (47) (48) . This movement of genes is probably responsible for the substantial differences observed in the genome size among bacterial strains of the same species (49, 50) . These phenomena make it difficult to develop accurate phylogenies of bacterial strains and isolates (12, 17, 30, 51) . Thus, a more useful goal is to evaluate the origins of individual genes, which we attempted in the present study by developing a general statistical method to test the relatedness of any gene in any organism against the average codon usage of the genomes of the host organism and other species. This statistic provided a measure of similarity, which was based upon the squared difference in codon usage frequencies between the gene and the average codon usage of the reference genomes (n = 80) used in the analyses. This method does not involve any learning on the part of the program and therefore introduces no bias into the system. To test our method, we compared all of the genes (>100 amino acids in length) from the H.influenzae Rd genome against a set of 80 prokaryotic and eukaryotic reference genomes with respect to their codon usage biases. The method proved to be predictive in that 78% of all H.influenzae Rd genes >140 amino acids in length selected the Haemophilus genome as being most similar in terms of codon usage bias. Moreover, the majority of the novel sequences we identified from among our clinical isolates of H.influenzae also showed strong codon usage similarity to Haemophilus or Haemophilus phage indicating that these genes have probably been long-standing constituents of the Haemophilus supra-genome. The more commonly used CAI was not amenable for such comparisons, as it does not provide for direct comparisons across different reference genomes. Most bacterial species reserve a set of special codon usage patterns for certain highly expressed genes and H.influenzae follows this design. These genes tend to be involved in basic metabolic and translational processes (6) (7) (8) (9) . Thus, despite their relatively poor codon usage similarities to the genome as a whole, these genes must be excluded from consideration as foreign acquisitions. In the case of the Rd genome using our statistic most of these genes still selected Haemophilus as the reference organism most similar in codon usage.
It has been suggested that there exist multiple codon use classes within a single genome based upon additional criteria including, genomic position (e.g. location of the gene on the leading or lagging strand) (52) (53) (54) (55) , expression under starvation conditions (36, 56) , expression for key metabolic functions (1, 57) and cellular location during expression (58) . Any gene fitting into one of these additional classes that was not identified as such could be misidentified as being horizontally transferred based on codon usage analyses (1). The above theoretical classes of genes would all be essential and therefore present in all strains of a species, since the novel genes that we are studying are not fixed in the H.influenzae gene pool (i.e. are present only in a subset of H.influenzae clinical strains) they would not fall into one of these categories. We did, however, identify several genes in the Rd genome, which appear to be essential genes that did not possess either Haemophilus-like codon usage patterns or Haemophilus highly expressed gene codon usage patterns. These included the DNA polymerase III y and d subunit and carbonic anhydrase; it is possible that these genes belong to another, as yet unidentified class of genes.
Codon bias within a species may arise from multiple factors that affect the efficiency of mRNA translation, including the expression levels and copy number of individual tRNAs (56); the expression levels and fidelity of individual aminoacyl tRNA synthetases (57) ; the fidelity of the codon-anticodon pairing; and other factors such as physiological conditions and location of protein synthesis in the cell and the location of the gene on either the leading or lagging strand (1) . The actual codon bias of a species appears to be an artifact of evolution, as organisms sharing similar ecological niches have distinct codon biases. However, it is not possible to rule out the possibility that the external environment may provide selective pressures that result in specific codon biases for some organisms. The fact that phage are wholly reliant on the translational machinery of the host would suggest that their codon usage patterns would be similar to the host. Indeed the HP1 and HP2 phage of Haemophilus, although having their own distinct codon bias, nevertheless are closer to Haemophilus and the other Pasteurellaceae than to any of the other reference genomes evaluated.
Codon usage patterns within a gene that are much more closely related to a non-host reference organism than to the current host strongly suggest that the gene is of foreign origin. The most likely explanation is the relatively recent acquisition of the gene via a horizontal transfer from its original host. R/M and glycosyltransferase genes accounted for 10 of the 13 genes with the largest differences between the best-fitting reference organism and Rd. Both of these groups of enzymes are large and highly mosaic in nature (7, 26, 29) ; there are >7500 R/M enzymes in the REBASE database (rebase.neb.com). This mosaicism may serve important protective and developmental purposes. R/M variation is a defense mechanism (29) . Glycosyltransferases are known to be up-regulated during biofilm development (27, 59, 60) and may be important virulence factors for chronic infection; variability in these genes may provide H.influenzae with the capacity to present different lipopolysaccharide configurations to the host over time, so as to evade the adaptive immune response (34, 35) . Both of these gene classes were also characterized as having GC contents that are dissimilar to that of the Haemophilus Rd genome, thereby providing additional evidence of their foreign origin.
It is noteworthy, however, that GC content alone is insufficient to ascribe a Haemophilus-like character to a sizable proportion of foreign genes. Indeed, 31% of the genes in Table 5 displayed a Haemophilus-like GC content of 34-41%. Thus, our e statistic is an independent measure of sequence relatedness not linked to GC content. The glpF and glpG genes are examples of this set.
An examination of the locations and origins of the various glp genes in Rd is highly instructive with regard to horizontal gene transfer. In P.multocida, the glpG and glpR genes are contained within the major glp operon. However, in Rd these genes are missing from the major glp operon and have been replaced with other genes. Therefore, the finding of glpG and glpR genes elsewhere in the Rd genome that do not possess the Rd standard codon usage pattern, most likely, is reflective of the fact that these genes are important to H.influenzae, and that their displacement from the major glp operon produced a strain that was at a selective disadvantage until it reacquired these genes from another source. Expression of glpR may be a necessary part of the balance between glycerol metabolism and phospholipid biosynthesis (61) and mutations in glpR can lead to cold sensitivity (61) . Importantly, glpR may be expressed as a virulence factor as it has been shown to be up-regulated during otitis media infection (27) .
Multiple virulence genes in H.influenzae appear to be of foreign origin, including the Hif cluster. Several of our novel sequences had protein homology to the Haemophilus Hif cluster. The codon analysis of these sequences suggested a foreign or phage lineage for these genes. This is similar to what has been observed for the pandemic forms of V.cholerae where the virulence genes are encoded by a phage (62). Thus, it is possible that pathogenic bacteria commonly evolve from commensal organisms by the acquisition of virulence genes that are transmitted by phage.
